Physikalisch-Meteorologisches Observatorium Davos-World Radiation Center (PMOD-WRC), 16
region. IWV results have been validated using a 2-year dataset, consisting of an AERONET sun -23 photometer Cimel CE318, a Global Positioning System (GPS), a Microwave Radiometer 24
Profiler (MWP) and radiosonde retrievals recorded at Meteorological Observatorium 25 Lindenberg, Germany. For the monochromatic approach, better agreement with retrievals 26 from other methods/instruments was achieved using the 946nm channel, while for the 27 spectral approach using the 934-948 nm window. Compared to other instruments' retrievals, 28 the monochromatic approach leads to mean relative differences up to 3.3% with the 29 coefficient of determination (R 2 ) being in the region of 0.87-0.95, while for the spectral 30 2 approach mean relative differences up to 0.7% were recorded with R 2 in the region of 0.96-1 0.98. Uncertainties related to IWV retrieval methods were investigated and found to be less 2 than 0.28cm for both methods. Absolute IWV deviations of differences between PSR and 3 other instruments were determined the range of 0.08-0.30 cm and only in extreme cases 4 would reach up to 15%. 5 6
1.Introduction 7
Water Vapor is a very important component of the thermodynamic state of the atmosphere 8 (Hartman et, al 2013), being a greenhouse gas with relatively high concentrations. The 9 quantity of water in the vapor state depends on temperature. So, from a climate change 10 perspective, it is considered as a feedback agent (Soden and Hled, 2006) . Also, it is an found that MWP is the most precise technique and, in addition, it is independent of weather 28 conditions, while sun-photometric retrievals were limited by cloudy and biased by dry/humid 29 atmospheres, and GPS retrieved IWV showed deviations at lower IWV values. Deviations were 30 also recorded when compared to radiosondes, which was explained by the difference in air 31 masses and time scales among radiosondes and other IWV retrievals. 
CIMEL Sun-photometer 4
The CIMEL sun-photometer is a filter radiometer developed by Cimel Electronics (Paris,  5 France), which performs direct sun and sky radiance measurements. These measurements 6 are processed centrally and are widely available through Aerosol Robotic Network 7 (AERONET) (Holben et al., 1998) . Measurements are performed at nine bandpass filters 8 between 340 and 1640 nm (8 of them dedicated to AOD retrieving and one used for IWV ). The CIMEL Level 2 AOD data for MOL-RAO has been directly downloaded from AERONET 18 website (https://aeronet.gsfc.nasa.gov/). During the 2 years of this study, the station has 19 been equipped with three different instruments: 20 -Cimel CE318N, #787 1 -Cimel CE318N, #873 supplying #787 during its AERONET calibration 2 -Cimel CE318T ("Triple") since October 2015, instrument of higher temporal resolution 3 (~ 1 minute) 4 5 2.3 Global Positioning System 6 GPS is a space based system that uses the signal transmitted from specific satellite 7 instrumentation in order to define the geolocation of ground based receivers. The signal 8 delays could be separated into dry (dependent on dry air gases) and wet (water vapor) 9 component. Although the biggest fraction of the delay is caused by the dry component, it is 10 estimated by hydrostatic equations, using the surface pressure, and subtracting it from the 11 total delay. This is considered a very accurate retrieval of the wet component, to which IWV 12 is directly proportional (Bevis et al, 1992). Wang et al. (2007) showed that the random error 13 of GPS IWV retrievals is in the order of 0.7 mm. GPS IWV retrievals are very valuable, since 14 this method could be applied to any receiver and obtain a very reliable and dense dataset of vapor is measured in-situ during the ascending procedure. Uncertainty for IWV retrieval in 5 this approach is introduced by the nature of the method, as the total ascending of a 6 radiosonde to stratosphere takes approximately an hour and also the path of the radiosonde 7 in the atmosphere is determined by winds; thus, it is not directly comparable to sun-8 photometric estimations, which retrieve water vapor on the sun-point of observation optical 9 path. High uncertainties -up to 20%-for relative humidity, caused by warming due to sunlight 10 and thermal lag, have been reported (Pratt, 1985) . Also, studies have reported differences 11 due to the use of different sensors (e.g. Soden and Lanzante 1996) . Vaisalla RS92 radiosondes 12 are used in this study for which an uncertainty in the order of 5% for the RH (Relative 13 Humidity) measurements, during daytime in the Troposphere, has been reported 14 
Monochromatic Approach 12
The methodology in use is described in detail by Ingold et al. (2000) and it is the most 13 common procedure to calculate IWV for sun-photometric devices using individual wavelength 14 (filter) measurements. It is labeled as monochromatic in contrast to the second approach 15 presented in Section 3.2, although it is calculated for a spectral region defined by the 16 instrument's slit function or the limits of its bandpass filter. 17
The first step of the procedure is to calculate the Water Vapor transmittance T w in the spectral 18 window of use and afterwards to develop empirical formulas using RTM calculations to 19 determine the IWV from the calculated transmittance. 20
For specific spectral regions in the near infrared, where absorption of dominant trace gases 1 can be considered negligible, we can express the transmittance of the Atmosphere (T atmo ) as 2 follows: 3 5 6 where I λ is the recorded spectral irradiance at wavelength λ (in Wm -2 nm -1 ) and Ι ο,λ is the value 7 of the solar irradiance at the top of the atmosphere at the same wavelength. 8
We can express the Beer-Lambert law (Swinehart, 1962) In order to benefit from the high resolution spectral measurements available from the PSR 10 we developed a method that uses direct sun integrated irradiances for a spectral window in 11 contrast to individual/single wavelengths as previously described. This methodology is 12 expected to improve the IWV retrieval, since the large variability found in the IWV retrievals 13 at different wavelengths suggests that an approach that combines different wavelengths 14 could possibly be more accurate. Figure 5 shows two theoretical spectra in the region of 700-15 1000 nm (calculated using MODTRAN), at SZA=0º with no aerosol load and with 0 and 2 cm 16 of IWV respectively. In this approach we have used the transmittance of the whole spectral 17 window, and then equation (3) Horizontal axis of figure 7 represents the lower limit of the spectral window, the higher being 14 always fixed at 948 nm. The aim of this step is to find out which spectral window produces 15 the more robust IWV retrieval results. These comparisons suggest that different spectral 16 windows selection lead to different coefficients of determination for IWV retrieval compared 17 with different instruments. However, results converge to defining a lower wavelength limit 18 between 932 and 936 nm, that will provide the best agreement for all the comparisons. The 1 window 934-948 nm was selected to be used for further analysis, as a median of the above 2 mention area. So, the AOD related uncertainty calculated in all studies for the PSR is in at maximum 0.03. 17
Rayleigh optical depths in this spectral region are very low (~0.01 for 1000 mb pressure) and 18 the uncertainty is 1% (Teillet, 1990) and, thus, we may consider it negligible for the IWV 19 retrieval. Air masses were calculated using the formula found in Kasten (1966) , which 20 assumes a standard vertical profile of humidity in the troposphere and introduces an error of 21 10% at SZA higher than 85º, due to variations in real atmospheric conditions but is negligible 22 for SZA lower than 75º (Tomasi et al., 1998) . where N is the number of available, quality controlled observations. 18
For the monochromatic approach at 946 nm, the comparison is presented in Figure 9 and 19 corresponding statistics in Table 1 atmosphere and linked to filter characterization errors. Radiosonde retrievals had largest 29 deviations and more scattered differences, which is expected because of the different 30 temporal and spatial scale of the RS retrieval. Percentiles 10-90 of the differences are also 31 presented in table 1 and GPS, MWP and CIMEL retrievals have a spread of differences in the 1 range of the uncertainties described for these instruments. In general RS retrievals 2 demonstrate the most spread differences from the PSR retrievals, though the average and 3 median are in the uncertainty range of the instruments. The high spread of the differences is 4 explained by the random error introduced by the temporal variability of IWV in the time range 5 averaged (±20min)and by the different paths of the sounding. 6 7 Figure 9 : IWV retrievals from PSR using monochromatic approach at 946 nm compared to 8 synchronous ones of CIMEL, GPS, MWP and radiosonde, for the full 2-years measuring period. 9 10 A histogram of relative difference of this retrieval compared to GPS is demonstrated in Figure  11 10. Also, IWV retrievals relative differences are shown against other parameters (AOD, SZA 12 and IWV from GPS). A normal distribution with mean at 0.024 cm and standard deviation of 13 0.084 is fitted to the differences and passed the One-sample Kolmogorov-Smirnov test 14 (Marsaglia et al., 2003) . Thus 95% of the absolute differences are lower than 0.16cm. IWV 15 differences against AOD at 865 nm show that almost all absolute relative differences higher 16 than 0.2 cm (20%) are linked to AOD values higher than 0.5. This pattern could be connected 17 to the larger uncertainty of AOD calculated by extrapolation at 946 nm, when AOD values are 18
higher. Furthermore, it appears that most of the large differences appear at high SZA, but 19 there are also some individual points showing large differences at lower SZA that could be 20 linked to AOD uncertainty. Compared to IWV retrieved from the GPS it appears that extreme 1 differences are linked to overestimation from PSR when the absolute value is above 2 cm, and 2 to underestimation when below , though GPS retrievals are not optimal at more dry Comparison of the PSR spectral method with other instruments is presented in Figure 11 and 10 corresponding statistics in Table 2 . It is clear that the spread of differences with all methods 11 is significantly lower than for the monochromatic approach. All comparisons are found with 12 on absolute IWV values, as the distribution of differences in Figure 12 is independent of IWV. 17
When the IWV relative difference is shown against AOD, higher relative differences than 0. 
Conclusions 8
The aim of this study was to develop methodologies and tools in order to retrieve IWV from 9 PSR spectral measurements. The methods which were developed can be applied to provide 10 long term time-series of IWV using any direct sun spectroradiometer able to measure at the 11 930-950 spectral range. 12 Two approaches to retrieve IWV from PSR spectral direct solar irradiance measurements 13 have been developed. The first one is the monochromatic approach using an individual 14 wavelength, and the second uses a spectral window. For both methods the corresponding 15
Water Vapor Transmittance has been retrieved from the PSR measurements, from which IWV 16 can be calculated using a three-parameter formula following the principles of Ingold's (2000) 17
work. 18
The dependence of the retrievals to other parameters has been investigated for both 19 approaches, and found to be affected in cases of low (<0.2) AOD coincidencies. Larger 20 deviations were observed at high Solar Zenith Angles, which are linked to higher uncertainties 1 in those retrievals. 2
Comparisons to other instruments (CIMEL, MWP) and methods (GPS, radiosondes) have been 3 performed to select the optimum wavelength and spectral window for the IWV retrieval of 4 the PSR. All the channels in the infrared region of 900-950 nm were tested for 5 monochromatic approach and 946 nm bandpass was selected as giving significantly better 6 results than other channels. For the spectral approach all possible spectral windows limits 7 combinations were tested and the spectral window of 934-948 nm was finally chosen. 8
Uncertainties of the methodologies have been investigated and in more frequent 9 atmospheric conditions have been found less than 5%, while might reach up to 15% in cases 10 of very high AOD, very low IWV and SZA higher than 75 o combined. In general, absolute 11 uncertainty is found to be in the range of 0.08-0.3 cm. 12
Retrievals from a 2-year long time-series at MOL-RAO in Lindenberg, Germany showed that 13 the monochromatic approach had differences in the order of 0.4% compared to GPS and 14 MWP, in the order of 2.7% compared to RS, and 3.3% compared to CIMEL. 95% of differences 15 with GPS retrievals are less than 0.15 cm. 16 Spectral approach's retrievals showed better agreement with other datasets, having 17 differences of 0.7% compared to CIMEL, 0.4% compared to GPS, 0.3% compared to MWP, and 18 0.5% when compared to RS. Also , the differences to other retrievals were always at least half 19 spread compared to monochromatic approach. Differences with GPS retrievals were less than 20 0.08cm in 95% of the dataset. Differences among the other instruments found independent 21 of other variables, suggesting robust appliance of the method. 22
Overall, the accuracy of IWV retrieval is in the same order of the other well established 23 methods and devices. The spectral approach, benefiting from the characteristics of PSR, 24 provided statistically better results. Also, having applied the method to a 2-year dataset, 25 indicated a stable long-term performance of the instrument, which shows that it can be used 26 for IWV calculations. The IWV method development and assessment presented in this work 27 provides an added value to the PSR instrument, being able to measure simultaneously 28 spectral solar irradiance components (direct and horizontal), aerosol spectral optical 29 properties (AOD, Angstrom Exponents) and IWV, constituting the PSR as a unique sun-30 photometric instrument. 31 1 
